Abstract We tested the hypothesis that genes involved in the alcohol oxidation pathway modify the association between alcohol intake and breast cancer. Subjects were women aged 55-74 at baseline from the screening arm of the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial. Incident breast cancers were identified through annual health surveys. Controls were frequency matched to cases by age and year of entry into the trial. A self-administered food frequency questionnaire queried frequency and usual serving size of beer, wine or wine coolers, and liquor. Three SNPs in genes in the alcohol metabolism pathway were genotyped: alcohol dehydrogenase 2, alcohol dehydrogenase 3, and CYP2E1. The study included 1,041 incident breast cancer cases and 1,070 controls. In comparison to non-drinkers, the intake of any alcohol significantly increased the risk of breast cancer, and this risk increased with each category of daily alcohol intake (OR 2.01, 95% CI 1.14, 3.53) for women who drank three or more standard drinks per day. Stratification by genotype revealed significant gene/environment interactions. For the ADH1B gene, there were statistically significant associations between all levels of alcohol intake and risk of breast cancer (all OR [ 1.34 and all lower CI [ 1.01), while for women with the GA or AA genotype, there were no significant associations between alcohol intake and risk of breast cancer. Alcohol intake, genes involved in alcohol metabolism and their interaction increase the risk of breast cancer in post-menopausal women. This information could be useful for primary care providers to personalize information about breast cancer risk reduction.
Breast cancer is the most common cancer diagnosed in women in the US, with an estimated 230,480 female breast cancer cases and 39,520 deaths in the year 2011 [1] . While breast cancer incidence increased from the 1980 s, primarily due to an increase in mammography utilization, death rates from breast cancer have fallen due to earlier detection and improved treatment options. The consistent results of epidemiologic studies suggesting a positive association between moderate alcohol intake and increased risk of breast cancer [2] have led the National Cancer Institute (www. nci.nih.gov) and the American Cancer Society (www. cancer.org) to list alcohol as a modifiable risk factor for breast cancer. Epidemiologic studies published prior to this 2001 review indicated relative risk estimates as high as 4.0 for high versus low alcohol consumption (most commonly defined as highest versus lowest tertile of intake), although the majority of studies found more moderate relative risk estimated in the range of 1.2-2.6. Given the fact that alcohol intake is so common, the population attributable risk for alcohol intake as a risk factor for breast cancer is potentially quite high. Several potential mechanisms have been proposed for the increased risk of breast cancer with alcohol consumption. It has been suggested that alcohol intake increases circulating levels of estrogen [3, 4] or the production of reactive oxygen species during alcohol metabolism induces DNA damage that results in breast cancer [5] .
Alcohol is primarily eliminated in the liver through enzymatic oxidation (see Fig. 1 ) [6] . Alcohol dehydrogenase is the enzyme responsible for the first step and aldehyde dehydrogenase is the enzyme involved in the second step. The microsomal ethanol-oxidizing system (CYP2E1) becomes important in alcohol metabolism as alcohol concentration rises or in chronic alcohol use. Tolerant drinkers may increase their clearance of alcohol through induction of the CYP2E1 pathway. Alcohol dehydrogenase is generally the rate-limiting step in alcohol oxidation and the gene is known to be polymorphic, with a minor allele frequency of 0.06 in Caucasians. Researchers have shown that ADH2 [7] and ADH3 [8] genotype modify the association between alcohol consumption and breast cancer risk, especially in pre-menopausal women. Furthermore, class I alcohol dehydrogenase has been found to be highly expressed in normal human mammary epithelium but not in invasive breast cancer, perhaps suggesting a tumor suppressor role for the gene [9] . Aldehyde dehydrogenase is not polymorphic in Caucasian populations. A significant interaction was reported in Korean women between Cytochrome P450 2E1 (CYP2E1) and alcohol intake for developing breast cancer (OR = 1.9 for the interaction between genotype and alcohol intake, p for interaction = 0.043) [10] . CYP2E1 has been shown to be expressed in normal and breast tissue [11] [12] [13] , with contradictory evidence as to whether the gene is up-regulated or down-regulated in breast cancer.
These previously published data on alcohol metabolism genes and breast cancer support the hypothesis tested in the current study that genes involved in the alcohol oxidation pathway that remove alcohol from circulation are important in the development of breast cancer and that they modify the association between alcohol intake and breast cancer incidence.
Methods
Subjects in this study were women randomly assigned to the screening arm of the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial, a multi-center trial to determine the efficacy of screening versus usual care to reduce mortality from the four cancers. Details of the PLCO trial have been published previously [14] . Briefly, more than 150,000 men and women aged 55-74 without existing PLCO cancers were enrolled between 1993 and 2001 at one of ten screening centers. All subjects provided written informed consent and the project was approved by the institutional review board at the National Cancer Institute and at each of the individual sites. Additional approval was obtained from the IRBs at the Marshfield Clinic and the National Cancer Institute for the current nested case-control study.
All study subjects were asked to complete a selfadministered baseline questionnaire that included questions on demographic factors, medical history, and health-related behaviors. Of the 77,376 women enrolled in the trial, the 38,660 women randomly assigned to the screening arm were asked to complete a dietary history questionnaire at baseline; 31,411 women (81%) completed the questionnaire. The PLCO food frequency questionnaire (FFQ) was designed to be self-administered and to characterize usual food intake over the previous 12 months (http://www. cancer/gov/prevention/plco/DQX.pdf). This 16-page questionnaire queried the frequency of consumption of 60 fruits and vegetables. The serving size (small, medium, large) and frequency of consumption of 77 individual food items in the grains, meats, dairy, beverages, and 'other' groups were also queried. Frequency and usual serving size was queried for beer, wine or wine coolers, and liquor separately. Usual method for food preparation of a number of foods and use of multi-vitamins and other supplements was also queried. A cognitive approach [15] [16] [17] was used to develop wording and formatting that would optimize comprehensibility, ease of completion, and participation. Daily dietary and supplemental folate intake was quantified and high folate intake, due to supplemental intake, (as well as moderate alcohol intake) was found to increase risk of breast cancer in this cohort [18] . Finally, two questions related to usual number of hours currently and at the age of 40 that a person is engaged in vigorous activities per week.
A self-administered health survey was mailed annually to all study subjects to ascertain any diagnoses of cancer in the previous year. Incident breast cancers were identified through these annual health surveys, through state cancer registries and death certificates, and from physician reports. Pathology reports were requested for all cases and 73% of breast cancer cases were confirmed through medical record review. 5-year age intervals) and year of entry into the trial (two categories: prior to 1997, 1997?). Participants were excluded if they did not complete a baseline questionnaire or an annual study update, their dietary questionnaire was regarded as unacceptable, they had breast cancer prior to study enrollment, they had no DNA sample or necessary consent was not obtained. Ten controls had genotyping results that suggested sample handling errors, and were excluded.
Genotyping was conducted at the Core Genotyping Facility at the National Cancer Institute (http://cgf.nci.nih. gov/home.cfm). TaqMan TM assays were purchased from Applied Biosystems, Inc. (Foster City, CA). Three SNPs were genotyped: 1) alcohol dehydrogenase 2 (rs1229984/ ABI# C_2688467_20), 2) alcohol dehydrogenase 3 (rs698/ ABI# C_26457410_10) and CYP2E1 (rs2031920/custom made assay).
Using Cox proportional hazards models, the main analyses involved computing relative risks (RR) and 95% confidence intervals (CI) for breast cancer incidence by quintile or other category of average daily alcohol intake. All statistical tests using Cox proportional hazards models were based on the Wald-F test using the SUDAAN software program (SUDAAN Release 9.0, Research Triangle Institute, Research Triangle Park, North Carolina) for analysis of weighted data from sample surveys. These weights allow inference back to the original distribution of cases and controls in the entire PLCO cohort. Stratified analyses were performed to assess the interaction of genotype and alcohol intake with risk of breast cancer. A two-sided p value \ 0.05 was considered to be statistically significant.
Results
The study included 1,041 incident breast cancer cases and 1,070 controls. In the breast cancer cases with available information, 768 were invasive and 203 were in situ. A comparison of baseline characteristics between breast cancer cases and controls is presented in Table 1 . Despite the limited frequency matching, the cases and controls are similar in terms of demographics (age, race, and education level). Age at menarche and menopause, ever used oral contraceptives, BMI at the time of enrollment, mean weight at the age of 20 and average weekly hours of physical activity were also not significantly different between cases and controls. There was a significant linear trend between age at birth of first child and number of live births, with breast cancer cases having their first child at older ages and having fewer children (both p \ 0.01). Personal history of benign breast disease was significantly higher in breast cancer cases than controls (37.9% versus 25.3%, p \ 0.001). Twenty percent of the breast cancer cases reported a first degree relative with breast cancer, in comparison with 16% of the controls (p = 0.0295). The mean caloric intake and the mean level of folate from diet and supplements were higher in breast cancer cases than controls, although did not reach statistical significance (both p = 0.05).
Significant primary effects were observed for both alcohol intake and the alcohol metabolizing genes for breast cancer incidence (Table 2 ). In comparison to nondrinkers, the intake of any alcohol significantly increased the risk of breast cancer, and this risk increased with each category of daily alcohol intake, with an odds ratio of 2.01 (95% CI 1.14, 3.53) from the minimally adjusted model for women who drank three or more standard drinks per day. The results from the minimally adjusted models were similar to the fully adjusted models.
Stratification by genotype of the association between alcohol intake and breast cancer incidence revealed significant gene/environment interactions (Table 3 ). For the ADH1B gene, there were statistically significant associations between all levels of alcohol intake and risk of breast cancer (all OR [ 1.34 and all lower CI [ 1.01), while for women with the GA or AA genotype, there were no significant associations between alcohol intake and risk of incident breast cancer, with some suggestion that alcohol intake may be protective. For the ADH1C gene, the association between various levels of alcohol intake and risk of incident breast cancer were similar across genotypes. Although there is some suggestion that the association between alcohol intake and risk of incident breast cancer may vary by genotype for the CYP2E1 gene, the results for the CT and TT genotype are not precise due to the relatively small sample size for those genotypes.
To assess the potential bias induced by self-selection of subjects into low levels of alcohol intake due to alcohol metabolizing genotype, a cross-tab of alcohol intake and genotype was calculated (Table 4) . For the two highest categories of average daily alcohol intake, there is some indication that subjects with the GA or AA genotype for ADH1B do not consume this level of alcohol and are more likely to abstain from alcohol (20.2% versus 15.9% for subjects with the GG genotype).
Discussion
We examined the role of alcohol intake, genes in the alcohol metabolism pathway and their interaction in the development of incident breast cancer in post-menopausal women. As has been observed in many previous observational studies [2] , women with incident breast cancer in this study had a significantly higher daily alcohol intake than controls, with increasing risk observed along with increasing average daily alcohol intake. The genes responsible for alcohol metabolism were selected for this study because of the metabolic pathway for alcohol (Fig. 1) . The polymorphisms in the alcohol metabolizing genes were selected because of previous studies in the medical literature. As mentioned previously, markers in the gene responsible for aldehyde dehydrogenase were not genotyped in this study, because it is not polymorphic in Caucasians and therefore not relevant to this primarily Caucasian study population. It would be worth genotyping in Asian populations where the gene is found to be polymorphic.
Alcohol dehydrogenase oxidizes ethanol to acetaldehyde. The SNP selected in ADH1B (ADH2), rs1229984, is non-synonymous. It is a haplotype-tagging SNP on chromosome 4 that results in arginine to histidine change. The SNP selected in ADH1C (ADH3), rs698, is also a nonsynonymous haplotype-tagging SNP on chromosome 4, resulting in isoleucine to valine change. We found differences in the magnitude and direction of the effect of alcohol intake on risk of breast cancer in the PLCO cohort by both ADH1B and ADH1C genotype, with the A allele of ADH1B appearing to be protective. A case-only study in primarily post-menopausal women in Germany demonstrated an interaction between ADH1B and alcohol intake in women with invasive breast cancer [7] . A recent casecontrol study reported a potential protective association between ADH1B*896G and breast cancer in women with a mean age of 57 years, more than one-quarter of whom were pre-menopausal [19] .
In women with invasive breast cancer, there was an inverse association between the ADH2 polymorphism and frequency of alcohol consumption in relation to risk of breast cancer. Similarly, we observed a protective affect for the A allele of ADH2. Three prior studies failed to find significant associations between alcohol intake and breast cancer risk in post-menopausal women when stratified by ADH3 genotype, although their data suggested an interaction which may not have been able to be detected due to lack of power [8, 20, 21] .
Cytochrome P450 also oxidizes ethanol to acetaldehyde, although it is only induced by heavy drinking. The SNP selected for this study, rs2031920, located on chromosome 10, acts in the 5 0 flanking region of the gene to decrease enzyme activity in drinkers. One prior study demonstrated an interaction between alcohol intake and CYP2E1 genotype and risk of breast cancer in alcohol-consuming Korean women, although their findings were not statistically significant due to small sample size for the minor allele [10] . The findings were similar regardless of menopausal status. The magnitude of the effect of current alcohol intake on breast cancer risk in our study (OR ranging from 1.32 to 1.96) was slightly greater than was observed in the Korean study (OR 1.4), perhaps because of the importance of aldehyde dehydrogenase in the Korean population.
Higher levels of acetaldehyde due to alterations in the oxidative pathway because of genetic polymorphisms may explain the association between alcohol intake and risk of breast cancer. Another potential mechanism to explain this association is a modulating effect on estrogen metabolism or receptors [22] . Interaction between alcohol intake and estrogen and progesterone (ER/PR) receptor status of the breast cancer tumor has been observed in previous studies [23] [24] [25] [26] [27] [28] , as well as a synergistic effect of alcohol intake and estrogen replacement therapy [29] , further supporting the hypothesis that alcohol influences hormonal status to increase breast cancer risk. ER/PR status is not currently available for PLCO cohort.
The advantages of this study include the relatively large sample size, the fact that the information about alcohol intake was collected prior to breast cancer diagnosis, and the available information about other risk factors for breast cancer. Limitations include the relative lack of ethnic diversity in the study sample and the limited sample size to assess gene/gene interactions. Also, because acetaldehyde is known to play a major role in producing unpleasant symptoms after alcohol intake, such as facial flushing, palpitations, headache, vomiting, and sweating [26] , women who are ''poor metabolizers'' may self-select into the non-drinking or lower levels of drinking groups, thus effectively decreasing the sample size of moderate or heavier alcohol drinkers and further decreasing the power to detect an association of moderate or heavy alcohol intake with breast cancer when stratified by genotype. There is some indication in the current data set that this self-selection does occur.
In conclusion, alcohol intake, genes involved in alcohol metabolism and the interaction of alcohol intake and alcohol metabolism genes increase the risk of breast cancer in post-menopausal women. Further research to investigate these effects in other ethnic groups and a larger sample size to quantify gene/gene interactions are warranted. In addition, the inclusion of estrogen and progesterone receptor status would allow the investigation of potential interaction with tumor status.
